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Wavelength division multiplexing (WDM) technology together with optical amplification has 
created a new era for optical communication. Transmission capacity is greatly increased by 
adding more and more wavelength channels into a single fiber, as well as by increasing the 
line rate of each channel. WDM not only can be used to increase transmission capacity, but 
also to introduce a new dimension to design and implement flexible, reliable, cost-effective 
optical networks.  
Optical signals may pass through several nodes in the optical network without being 
terminated and converted into an electrical signal. The impairments from the subsystems in 
an optical network, such as interferometric crosstalk, filtering effect, dispersion in optical 
components, fiber dispersion and non-linearity, will accumulate and degrade the signal, hence 
limit the size of the network. Therefore, the study of these impairments and their influence in 
a cascade of subsystems is very important.  
In this Ph.D. thesis, several important subsystems are investigated theoretically and 
experimentally.  
Useful tools are developed to study the cascadability of subsystems. A crosstalk model is 
developed to estimate the influence of interferometric crosstalk; the model has been used in 
calculation of the possible size of wavelength routing networks using arrayed-waveguide-
grating (AWG) routers, and in calculation of the number of wavelengths that can be handled 
in a new 2×2 multiwavelength cross-connect. A method to measure dispersion in optical 
components is proposed and used to characterize an optical add/drop multiplexer. A fiber re-
circulating loop set-up is upgraded to support multiple channels. It has been used to 
experimentally investigate the cascadability of AWG routers, 10Gb/s wavelength converters 
based on cross gain modulation in semiconductor optical amplifiers (SOAs), and dispersion 
managed fiber sections.  
New subsystems are also proposed in the thesis: a modular 2×2 multiwavelength cross-
connect using wavelength switching blocks, a wavelength converter based on cross phase 
modulation in a semiconductor modulator, a wavelength selectable light source using DFB 
fiber lasers and a single shared pump, an interferometric crosstalk suppressor using a 
saturated SOA, and a simple chirped return-to-zero transmitter. 
The thesis consists of a summary and 20 accompanying papers related to the investigation. 





Kombinationen af teknikker til optisk bølgelængde-multipleksning og optisk forstærkning har 
skabt en ny æra for optisk kommunikation, hvor en meget stor forøgelse af den samlede 
transmissionskapacitet er opnået ved at benytte stadig flere bølgelængdekanaler i hver fiber 
og samtidig øge den enkelte bølgelængdekanals datahastighed. Optisk bølgelængde-
multipleksning muliggør dog ikke alene en forøgelse af transmissionskapaciteten, men 
tilføjer også en ny dimension i design og virkeliggørelse af fleksible og pålidelige optiske 
netværk med stor ydeevne per investeret krone.  
Optiske signaler vil kunne udbrede sig gennem adskillige knudepunkter i et optisk netværk 
uden at blive termineret og omsat til elektriske signaler. Forringelser - eksempelvis 
interferometrisk krydstale, filtreringseffekter, dispersion i optiske komponenter samt 
dispersion og ulineariteter i fibre - fra det optiske netværks delsystemer vil således 
akkumuleres og forringe kvaliteten af det optiske signal, hvilket i sidste ende sætter en 
grænse for netværkets størrelse. Derfor er studiet af disse forringelser og deres indflydelse i 
en kaskadekobling af delsystemer meget vigtig. 
I nærværende Ph.d.-afhandling undersøges adskillige vigtige delsystemer teoretisk og 
eksperimentelt. 
Nyttige værktøjer er blevet udviklet til studier af forholdene, når et optisk signal udbreder sig 
gennem en kaskadekobling af delsystemer. En krydstalemodel er blevet udviklet til vurdering 
af indflydelsen af interferometrisk krydstale; modellen er blevet benyttet til beregning af den 
mulige størrelse af optiske netværk, der benytter arrayed-waveguide-grating (AWG) routere 
til at dirigere de forskellige bølgelængder rundt i netværket, samt til beregningen af det antal 
bølgelængder, der kan håndteres i en ny 2×2 multibølgelængde cross-connect. En metode til 
måling af dispersionen i optiske komponenter foreslås, og den er blevet brugt til 
karakterisering af en optisk add/drop multiplekser. En recirkulerende optisk fiberring er 
blevet opgraderet til at understøtte mere end en enkelt bølgelængde. Denne fiberring er blevet 
benyttet til eksperimentel undersøgelse af forholdene ved kaskadekobling af AWG routere, 
10 Gbit/s bølgelængdekonvertere baseret på krydsforstærkningsmodulation i optiske 
halvlederforstærkere (SOA), og dispersionskomtrollerede fibersektioner. 
Nye delsystemer foreslås også i denne afhandling: i) En modulær 2×2 multibølgelængde 
cross-connect baseret på 2×2 blokke, der hver især håndterer en enkelt bølgelængde, ii) en 
bølgelængdekonverter baseret på krydsfasemodulation i en halvledermodulator, iii) en 
lyskilde opbygget af DFB fiberlasere og en enkelt pumpe til frembringelse af lys med en 
bølgelængde, der kan vælges blandt et antal mulige bølgelængder, iv) et delsystem, der 
benytter en SOA drevet i mætning til undertrykkelse af interferometrisk krydstale, og v) en 
simpel sender til frembringelse af optiske signaler i chirped return-to-zero formatet. 
Afhandlingen består af en sammenfatning og 20 tilhørende artikler, der i større 
detaljeringsgrad beskæftiger sig med de undersøgte emner. Udførlige teoretiske udledninger, 
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Transmission capacity in optical fiber communication systems is greatly increased by the use 
of wavelength division multiplexing (WDM) technology and optical amplification. At 
present, the highest capacity in a single fiber is approaching 10 Tb/s in the laboratories [1, 2]. 
In order to satisfy the ever-increasing capacity demand from Internet, mobile and multimedia 
services, the transmission capacity will keep growing by exploration of new transmission 
windows in the fiber and the use of high spectrum utilization modulation formats [3, 4].   
A three-layered structure was defined for optical transport networks by ITU-T [5] which are 
briefly described as follows:  
• Circuit layer: The circuit layer manages end-to-end connections (circuits) established 
dynamically on the basis of short term provisioning, such as circuit switching, packet 
switching, cell relay, frame relay etc.; each circuit is related to a particular service: 
telephony, data transmission and so on;  
• Optical transmission media layer: The transmission media layer provides point-to-point 
inter-connection between network nodes by fiber systems; 
• Path layer: The path layer bridges these two layers, mainly with Digital Cross 
Connection (DXC) systems. In particular, different circuits, related to different services, 
are united to form a path (such as Plesiochronous Digital Hierarchy (PDH) path, 
Synchronous Digital Hierarchy (SDH) path, Asynchronous Transfer Mode (ATM) path, 
etc.) and routed through the network; network monitoring and restoration are also realized 
in this layer.  
As the transport capacity increases dramatically, it is hard to satisfy the demand if the path 
layer is completely realized by DXC's, owing to the limitations of processing speed, power 
consumption, and cost. In order to cope with this evolution, it has been proposed to introduce 
an optical path layer underneath the electrical path layer in which both transmission and 
routing facilities would be available particularly on high bit-rate optical channels, in order to 
limit the size of the electronic switches [6]. WDM not only can be used to increase 
transmission capacity, but also to introduce a new dimension to design and implement 
flexible, reliable, cost-effective optical networks. Very high capacity data streams are routed 
through the optical path layer by means of optical cross connects (OXC) that operate directly 
in the optical domain and the OXC is interfaced with a DXC to allow demultiplexing and 
routing at lower hierarchical levels [7]. 
Two of the most important issues in optically cross-connected transport networks are: 1) 
optical channel monitoring and management; 2) cascadability of subsystems used in the 
optical path layer as well as in the transmission layer. The subsystem is here defined as a 
combination of components which can provide an independent function in the optical 
network, such as a wavelength router, an optical cross-connects, a wavelength converter. A 
 
2                                                                  Summary  
transmission link that includes transmission fiber, optical amplifier and dispersion 
compensator is also defined as a subsystem.  
Optical signals may pass through several nodes in an optically cross-connected network 
without being terminated and converted into an electrical signal, so the impairments from the 
subsystems, such as crosstalk, ASE noise, filtering effect, non-linearity, chromatic dispersion 
and polarization mode dispersion, will accumulate and degrade the signal, hence limit the 
size of the network. Study of these impairments in subsystems is very important. Although 
optical channel monitoring and management are also important issues, they are beyond the 
scope of the present investigations. 
 
1.2  Description of present work  
The purpose of the work is to investigate the most important subsystems used in optical 
networks with emphasis on transmission characterization, cascadability and new 
implementation schemes.  
In this Ph.D. thesis, a number of subsystems are studied, such as optical cross-connects, 
wavelength routers, wavelength converters, wavelength selectable light sources, chirped 
return-to-zero transmitters, crosstalk suppressors and dispersion managed fiber transmission 
links; some important issues are addressed, such as interferometric crosstalk, filtering effect, 
dispersion in optical components and fiber dispersion and non-linearity; Useful tools are 
developed: 1) crosstalk models to calculate the interferometric crosstalk induced power 
penalty; 2) method to measure dispersion in optical components or subsystems; 3) fiber re-
circulating loop set-up to experimentally characterize the performance of subsystems after a 
number of cascades;  
Interferometric crosstalk which originates from signals with a frequency difference less than 
the receiver bandwidth has stronger impact on system performance than so-called power-
addition crosstalk from neighboring channels. A widely used Gaussian crosstalk model is 
improved by taking signal extinction ratio into account and by including optically pre-
amplified receivers. The improved model gives a more accurate estimation of crosstalk 
induced power penalty with simple analytic expressions.  The model was verified by an 
experiment and was used to analyze the crosstalk in a cascade of arrayed-waveguide grating 
(AWG) based wavelength routers and in a new modular 2×2 multi-wavelength cross-connect. 
Another more accurate numerical model is developed and used to validate the necessary 
number of crosstalk terms needed for the improved Gaussian crosstalk model to be a good 
approximation.  
Dispersion in optical components might also induce degradation of optical signal at high bit-
rates. An accurate method to measure dispersion in optical components is developed. It 
imposes no critical requirements on the amplitude transfer function of the optical devices 
under test.  
A fiber re-circulating loop set-up was upgraded and used for investigation of cascadability of 
subsystems. The loop set-up associated with dispersion shifted fibers (DSF) was used to 
characterize optical components and subsystems [8, 9] and it works fine as far as having one 
wavelength channel in the loop. When more wavelength channels are re-circulated in the 
loop, four wave mixing between the channels becomes a problem.  Different dispersion 
schemes are used in the loop to overcome the four wave mixing while it is still supporting 
transmission of high speed signal of 10Gb/s.  Gain equalization is used in order to obtain 
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equal power for all channels. The loop set-up was used to investigate the cascadability of 
AWG routers limited by interferometric crosstalk, to study the cascadability improvement of 
wavelength converters based on cross-gain modulation in semiconductor optical amplifiers 
(SOAs) limited by the high frequency response, to transmit L-band signals using dispersion 
maps optimized for C-band, and to transmit chirped return to zero channels through 
dispersion managed normalized fiber sections. Besides characterization of subsystems, a few 
new subsystems are proposed.  A modular 2×2 multiwavelength cross-connect scheme based 
on optical add/drop multiplexers (OADMs) and space switches is proposed, and its basic 
performance is analyzed and experimentally demonstrated. The scheme can be further 
extended to a fully reconfigurable 2×2 optical cross-connect with wavelength translation 
using wavelength tunable OADMs and tunable wavelength converters.  A low crosstalk N×N 
wavelength router is constructed using 1×N AWG multi/demultiplexers; a crosstalk level of –
53 dB is measured from such an 8×8 wavelength router. A wavelength selectable light source 
is made using DFB fiber lasers and space switches, the source features stable wavelength 
output due to the use of DFB fiber laser and low cost due to the use of only one shared pump 
laser. A wavelength converter based on cross-phase modulation in a reversely biased 
semiconductor modulator is demonstrated at 10 Gb/s for both NRZ and RZ formats in a 
commercially available transmitter module.  Several schemes based on a saturated 
semiconductor amplifier (SOA) for suppression of interferometric crosstalk are developed. A 
simple chirped RZ transmitter is constructed using only one external modulator, and its 
performance is demonstrated in a single channel 10 Gb/s transmission over 3600 km and 
8×10 Gb/s transmission over 2000 km. These new subsystems provide useful options for 
designing a more flexible and cost-effective optical transport network. 
 
1.3 Thesis outline 
The summary of this thesis presents the most important results and emphasizes the major 
conclusions from the papers [I-XX]. The papers are numbered according to the order in 
which they appear in this summary. The summary is organized as follows. Section 2 
discusses the interferometric crosstalk models, their assumptions and results verified by 
experiments. Section 3 discusses the cascadability of AWG routers showing the limitation 
from interferometric crosstalk. A low crosstalk router is also proposed and experimentally 
demonstrated in this section. Section 4 investigates different schemes based on saturated 
SOAs to suppress interferometric crosstalk in a single optical channel as well as WDM 
channels. Section 5 studies the cascadability improvement of wavelength converter based on 
cross gain modulation in SOAs. A new wavelength converter based on cross-phase 
modulation in a reversely biased semiconductor modulator is proposed and demonstrated at 
10 Gb/s for both NRZ and RZ formats. Section 6 discusses dispersion managed fiber sections 
for transmission of L-band signals and chirped return-to-zero (CRZ) signals. A simple 
scheme to generate CRZ signals is proposed and experimentally demonstrated. Section 7 
discusses a modular fully re-arrangeable 2×2 multi-wavelength cross-connect with and 
without wavelength translation.  Section 8 describes a cost-effective wavelength selectable 
light source based on DFB fiber lasers and optical space switches. Section 9 presents a 
method to measure small dispersion in optical components.  Section 10 gives the conclusion 
of the thesis. Appendix I includes details of the improved Gaussian crosstalk model. 
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2. Interferometric crosstalk models 
The Gaussian crosstalk model is widely used to calculate power penalty induced by 
interferometric crosstalk [10, 11]. Among other assumptions, the model assumes: 1) perfect 
signal extinction ratio; 2) a large number of independent crosstalk terms contribute the total 
crosstalk power so that the signal crosstalk beat noise follows a Gaussian distribution. These 
two assumptions may not hold in most cases. Besides, the model is only valid for PIN type 
receivers. In this project, more accurate models were developed to calculate the 
interferometric crosstalk induced power penalty. The model developed in paper [I] includes 
the signal extinction ratio while the model in paper [II] takes both the signal extinction ratio 
and the number of crosstalk terms into account. 
In paper [I], the Gaussian crosstalk model is improved by introducing signal extinction ratio 
so that the signal crosstalk beat noise on both “1” and “0” levels is taken into account. Signal 
spontaneous emission beat noise is also taken into account when the model is applied to 
optically pre-amplified receivers. The improved model can well explain why larger penalties 
than predicted by the Gaussian crosstalk model are measured in our experiments and found in 
the literature [10]. The improved model still gives simple analytical expressions of crosstalk-
induced penalty for both PIN and optically pre-amplified receivers, with signal extinction 
ratio taken into account as a parameter. Detailed description of the improve crosstalk model 
is listed in Appendix I.  
Experiments are made to verify the improved model for both receiver types using either 
average power decision threshold setting or optimum decision threshold setting. Very good 
agreement between calculated and measured results is found in all cases. The calculation and 
experiment also show that the signal extinction ratio is an important parameter when 
predicting the impact from interferometric crosstalk. Without taking it into account, the 
crosstalk influence will be underestimated, which could be disastrous for network design. For 
instance, an extinction ratio deterioration from r = 0 (perfect extinction ratio used in the 
Gaussian crosstalk model) to r = 0.15 (ITU-T requirement for STM 16) results in a reduction 
of tolerable crosstalk power of 4.8 dB at 1 dB penalty in an optically pre-amplified receiver 
with optimum decision threshold, which corresponds to a 65% cut of nodes in a network. 
In order to answer the question how many independent interferometric crosstalk terms are 
needed to give a good approximation by the improved Gaussian model, a more accurate 
numerical model is developed in paper [II]. The numerical model calculates the penalty 
caused by interferometric crosstalk, taking both signal extinction ratio and number of 
crosstalk terms into account. The numerical model is also verified by experiment with 
excellent agreement.  
The numerical model confirms that the improved Gaussian crosstalk model gives a very good 
approximation when crosstalk power is contributed by six or more independent crosstalk 
terms and still gives a safe boundary condition by overestimating the crosstalk induced 
penalty when the number of crosstalk terms is less than six. 
 
3. Cascadability of AWG routers and a low crosstalk router construction 
Wavelength routing is a very promising technology in future advanced DWDM networks 
because of its simple structure and high degree of wavelength reuse among the nodes [12]. 
Reconfigurable wavelength routing networks with throughput of more than 1 Tb/s have been 
demonstrated in laboratories[13]. The combination of fast tunable laser diodes and passive 
wavelength routers can be used to perform optical packet switching, a big step towards “IP 
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over WDM”[14, 15]. The key subsystem in the wavelength routing networks is a wavelength 
router, and an integrated optical N×N wavelength router based on an arrayed-waveguide-
grating (AWG) is a good candidate.  
Due to the non-ideal transfer function of a physical AWG router, a node will receive not only 
the signal from the node it is connected to, but also interferometric crosstalk from the other 
nodes. The interferometric crosstalk will further accumulate when the routers are used in 
cascade in the network. 
In paper [III], interferometric crosstalk in a cascade of AWG routers is investigated 
experimentally using a re-circulating loop set-up at 10Gb/s. In the set-up, the wanted signal 
deteriorated by interferometric crosstalk from other input ports of an AWG router is re-
circulated in the loop set-up.  Four more crosstalk terms are added for each roundtrip to the 
wanted signal. The degradation of the wanted signal is measured in terms of power penalty. 
The experiment shows that even for a low crosstalk of -34.8 dB from each of the four input 
ports of an AWG router, a power penalty of 4.1 dB is measured when five routers are 
cascaded. 
The improved Gaussian crosstalk model described in Section 2 is used to calculate the 
crosstalk induced penalty in the cascade of AWG routers; very good agreement is found 
between the calculated and measured results. The Gaussian crosstalk model without 
modification overestimates the crosstalk tolerance by 5 dB for the same 1 dB penalty. 
The interferometric crosstalk from each input port needs to be very small in order that an 
AWG router with large size can be used in cascade. Although a significant amount of effort is 
put into reducing the crosstalk level in AWG routers [16, 17], it is also important to consider 
alternative structures with the same functionality as a wavelength router.  
In paper [IV], it is proposed that an N×N wavelength router can be constructed using 1×N 
AWG multi/demultiplexers. The new router construction features the same routing table, but 
the interferometric crosstalk can be significantly reduced due to the combined transfer 
function of a multiplexer and demultiplexer. An 8×8 wavelength router is constructed using 
commercial 1×8 AWG multi/demultiplexers; the measured maximum crosstalk is -53 dB, 
which is much less than the crosstalk level in any AWG router reported so far. In paper [V], 
the 8×8 wavelength router is used to route 8 WDM channels at 10Gb/s, and no noticeable 
penalty is observed after the router. It is further pointed out that using reported 1×64 AWG 
multi/demultiplexers with crosstalk of –27 dB, a 64×64 wavelength router with crosstalk 
level of –54 dB can be constructed. Such low a crosstalk level enables the 64×64 wavelength 
router to be cascaded 10 times at 1 dB penalty in the term of crosstalk limitation. Hence 
rather large wavelength routing networks can be built. 
The number of multi/demultiplexers used in the N×N wavelength router construction is 2N, 
which indicates that the construction of the wavelength router could be expensive in terms of 
number of components used when N is large. This is a major drawback of this scheme. 
 
4. Suppression of interferometric crosstalk using a saturated SOA 
As shown in the Section 2, interferometric crosstalk has a strong impact on the signal in 
transparent optical networks. To avoid the influence, crosstalk in the subsystems must be kept 
low, or alternatively, effective techniques to suppress the crosstalk need to be developed. 
Several techniques have been used for this purpose. A gain saturated laser diode amplifier 
can suppress interferometric crosstalk, but it is limited to low bit-rate [18]. A wavelength 
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converter based on cross gain modulation in an SOA has been used to suppress the crosstalk 
[19], but wavelength conversion is not always needed; Cross phase modulation in SOA based 
interferometers has been used to suppress the crosstalk [20, 21], but the structure is 
complicated.  
In this work, a saturated SOA is used to suppress the crosstalk. When input power into a SOA 
is high enough, the gain of the SOA starts to saturate. Hence, the input power fluctuation 
caused by interferometric crosstalk will be suppressed at the output. The SOA also induces 
waveform distortion when it is operated in saturation because of the gain transient effect, so 
some further step needs to be taken when a saturated SOA is used to suppress the crosstalk. 
In paper [VI], CW light is injected into the SOA counter-propagating with the input signal in 
the SOA. The SOA gain is held by the CW light to some extent, so waveform distortion of 
the output signal is relaxed while the SOA still exhibits saturation characteristics for the input 
signal. Experiments demonstrated that the saturated SOA with gain holding light could be 
used to reduce the impact from interferometric crosstalk at both 2.5 Gb/s and 10 Gb/s. 4 dB 
more crosstalk power can be tolerated at 1 dB penalty by using the SOA. Unfortunately, 
extinction ratio of the output signal is degraded because of saturation. 
In paper [VII], a polarization multiplexing technique is introduced to remove the waveform 
distortion in the saturated SOA when it is used to suppress interferometric crosstalk. An 
optical dummy signal modulated by the data complementary is combined with the signal 
modulated by the data via a polarization combiner at the output of which we obtain two 
orthogonal polarization states. A constant optical power without bit transients is constructed 
after the polarization combiner, while a modulated signal is carried in each polarization state. 
A saturated SOA is used to suppress the power fluctuation on the polarization multiplexed 
signal caused by interferometric crosstalk. The combined signal is demultiplexed into two 
polarization states before the optical receiver. Since the saturated SOA only experiences a 
constant power without bit-transients, no waveform distortion will occur at the output. 
Experiment shows the interferometric crosstalk can be effectively suppressed using a 
saturated SOA and the polarization multiplexing method. A 6 dB higher crosstalk level can 
be tolerated at 1 dB penalty using this technique. The technique is also pattern independent 
and bit-rate transparent, and gives no waveform distortion or extinction ratio degradation.  
In paper [VIII], it is shown that this technique can be used to suppress crosstalk within a large 
input power dynamic range of 14 dB due to the large saturation range of the SOA.  
Suppression of in-band ASE noise is also demonstrated. 
Most crosstalk suppression schemes published so far only work for a single channel, while a 
scheme to simultaneously suppress crosstalk for multiple channels is attractive and 
challenging.  
In paper [IX], the saturated SOA and polarization multiplexing technique is used to suppress 
crosstalk for multiple WDM channels and crosstalk suppression for two channels is 
successfully demonstrated. It is found that the gain saturation of the SOA becomes shallower 
when more channels are present, hence the crosstalk suppression becomes less effective. 
5. Cascadability of wavelength converters based on XGM in SOAs and 
wavelength conversion in a semiconductor MZ modulator   
Wavelength converters are key elements in future advanced optical networks, and several 
technologies have been used to realize wavelength conversion [22, 23]. Wavelength 
conversion based on cross gain modulation (XGM) in a semiconductor optical amplifier 
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(SOA) is the simplest to realize and capable of converting the input signal also to the same 
wavelength which is favorable in many applications. An important issue is cascadability 
since the signal might be converted more than once in a network [24]. The cascadability of a 
wavelength converter based on XGM in an SOA has been found to be limited by signal 
extinction ratio degradation and accumulated ASE from the SOAs [25].  
In paper [X], insufficient high frequency response is shown to be another severe limiting 
factor for conversion at high speed. It is also demonstrated that the high frequency response 
can be improved by filtering the converted signal from the SOA using a fiber Bragg grating 
based optical add/drop multiplexer (OADM), hence the cascadability of the wavelength 
converter can be improved. 
The cascadability of the wavelength converter based on XGM in an SOA is investigated 
using the re-circulating loop set-up. The wavelength converter is placed in the loop set-up, 
converting the input signal to the same wavelength. The wavelength conversion at 10 Gb/s 
can be performed several times to the same original signal by re-circulating the converted 
signal in the loop, in order to simulate the wavelength converter used in cascade. 
A 1.25 mm long SOA is used in paper [X], and it has a 3 dB frequency response of 10 GHz.  
Experiment shows that the wavelength converter can be cascaded up to 5 times with a penalty 
of 10 dB at BER of 10-9.  Eye closure after five roundtrips is observed; we believe the eye 
closure is due to insufficient frequency response. 
Since the converted signal from the SOA has blue chirp on the rising edges and red chirp on 
the falling edges, a fiber Bragg grating based OADM is used after the SOA to re-shape the 
converted signal. By performing a kind of FM to AM conversion through the steep transfer 
function of the grating, the high frequency response is improved [26]. The measured 3 dB 
bandwidth is extended to 20 GHz. By using the OADM after the SOA, the wavelength 
converter can be cascaded up to 8 times with penalty of 4 dB at BER of 10-9.  
In paper [XI], the same method is applied to a 0.8 mm SOA. Without the OADM, the 3 dB 
frequency response is only 4GHz, and a cascade of two of such converters exhibits a penalty 
of 10 dB at BER of 10-9. By adding the OADM after the SOA, the 3 dB frequency response is 
improved to 18 GHz, hence the converter can be cascaded up to 6 times.  
Recently wavelength conversion based on cross-absorption modulation in saturated 
electroabsorption modulators (EAM) has been reported, showing high conversion speed up to 
40 Gb/s, large wavelength range and regenerative capability [27-28]. However, the cross-
absorption modulation in EAMs requires high input optical power, which restricts conversion 
to RZ format with short optical pulses (~10ps). A new scheme of wavelength conversion 
based on cross-phase modulation in a reversely biased semiconductor Mach-Zehnder 
modulator is proposed and demonstrated in paper [XII].  
The InGaAsP waveguide under reverse bias absorbs input light and generates carriers, and 
hence the refractive index is changed. The absorption ratio is different under different bias 
voltages. When an intensity-modulated optical signal passes through such a waveguide, the 
refractive index will be modulated. The modulation depth of the index is also different under 
different bias voltages.  
When the intensity-modulated optical input signal passes through an InGaAsP Mach-Zehnder 
interferometer with two arms being reversely biased at different voltages, the refractive index 
in two arms are modulated by the input signal at different depths. A CW probe light is 
injected into the M-Z interferometer from the other direction, counter-propagating with the 
input signal. The CW probe light experiences a phase difference between the two arms, and 
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hence becomes intensity-modulated at the output of the M-Z interferometer. The converted 
signal is coupled out via an optical circulator.  
Wavelength conversion at 10 Gb/s for both NRZ and RZ formats is made in a semiconductor 
M-Z modulator designed for commercial transmitters. The extinction ratio of the converted 
signal is better than 13 dB, and penalty is less than 1.5 dB in both cases. Concerning the 
converted signal polarity, both non-inverted and inverted conversion are realized for NRZ 
format in the same device under different bias conditions. In comparison with wavelength 
conversion based on XPM in SOAs, this scheme gives no extra spontaneous emission noise. 
As a new method to realize wavelength conversion, further work needs to be done to verify 
the conversion wavelength range, conversion efficiency, input power dynamic range, 
conversion speed and regenerative ability. 
6. Optical cross-connects based on OADMs 
Optical cross-connects are core elements in the optical path layer for development of cost 
effective and reconfigurable optical networks. Optical cross-connects can be classified into 
three categories in terms of rearrangeability [30]: 
1) Fixed cross-connects, or referred to as wavelength router;  
2) Rearrangeable cross-connects, also referred to wavelength path cross-connects;  
3) Fully rearrangeable cross-connects with wavelength translation, also referred to as 
virtual wavelength path cross-connects.  
According to ref [6], the requirements placed on the optical path cross-connect subsystems 
are as follows: 
1) Strictly non-blocking; 
2) Maximum modular growth capability; 
3) Easy evolution from wavelength paths (WPs) to virtual wavelength paths (VWPs); 
4) Low crosstalk and low optical loss; 
5) Based on rather mature and reliable optical technologies. 
In paper [XIII], a modular 2×2 multi-wavelength optical cross-connect is proposed. The basic 
unit in the OXC is a 2×2 wavelength switching block consisting of 2 optical add/drop 
multiplexers (OADMs) with identical drop wavelength and an optical space switch. The 
wavelength switching block cross-connects one pair of channels with the same drop 
wavelength between two fibers, and all other channels just bypass the block. Constructing a 
2×2 multi-wavelength optical cross-connect can be done simply by cascading a number of 
such wavelength switching blocks with fixed wavelength. Since each wavelength switching 
block independently cross-connects a pair of channels between the two fibers, the 2×2 multi-
wavelength cross-connect is strictly non-blocking. The modular structure enables a node to 
start with a small number of switching blocks and later to add more blocks when it is 
necessary. This is favorable in terms of initial investment. 
The basic performance of the 2×2 multi-wavelength cross-connect is analyzed in paper 
[XIII]. The 2×2 OXC possesses a symmetric structure, hence all channels will experience the 
same loss in the full configuration. The excess loss of a single block is very low due to low 
loss in an OADM and an optical switch. Optical amplifiers can be put between blocks to 
compensate for the loss when the number of block is very large.  
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Crosstalk in both “drop-add” and “bypass” blocks is analyzed. When a wavelength channel 
passes through an OXC node, it experiences two types of switching blocks. In the “drop-add” 
block, the channel is dropped, switched and added back to the fiber; here the crosstalk is 
mainly due to the imperfect drop band reflection of the OADMs. In the “bypass” blocks, the 
channel simply bypasses the blocks; here crosstalk is mainly due to the imperfect extinction 
ratio of the specific type of OADM and the finite reflection outside the drop band of the 
OADMs. Given a perfect on-off ratio from optical switches, these parameters are quantified 
in order to get satisfactory performance in a 2×2 OXC with different number of wavelength 
switching blocks.  
A 2×2 OXC node with two wavelength switching blocks is experimentally constructed in 
paper [XIV], using commercial components: fiber grating based Mach-Zehnder 
interferometric OADMs and mechanical optic switches. Two fibers each hosting 8 WDM 
channels at 10 Gb/s pass through the node with two wavelength switching blocks at 1556nm 
and 1559nm. The BER curves of each channel from one output fiber are measured in order to 
determine the signal degradation from the OXC node. It is shown that the main degradation 
stems from crosstalk, and the measured penalty is in good agreement with the calculated 
penalty caused by crosstalk. 
A possible integration scheme of a wavelength switching block is also proposed in paper 
[XIV], using planar waveguide grating based OADMs and thermo-optic switches. If each 
wavelength switching block is fabricated as a planar waveguide module, low cost mass 
production of such modules is possible. 
In paper [XV], a tunable 2×2 wavelength switching block is further developed using tunable 
OADMs, 2×2 optical space switch and tunable wavelength converters. A fully reconfigurable 
2×2 optical cross-connect with wavelength translation can be constructed using such tunable 
wavelength switching blocks. In comparison with conventional constructions [6], this 
structure avoids the use of large size optical space switches and possesses a very high degree 
of modularity. 
The basic concept of the 2×2 OXC is demonstrated experimentally, focusing on the tunable 
wavelength conversion. Tuning speed and cascadability of the modules need to be further 
studied.  
7. Wavelength selectable light source based on DFB fiber lasers 
Wavelength selectable light sources are needed in tunable wavelength converters, as well as 
in back-up transmitters in WDM transmission systems. In paper [XVI], a wavelength 
selectable light source based on DFB fiber lasers and space switches is proposed and 
experimentally demonstrated.  
Stable single mode operation fiber DFB lasers were made by directly UV writing a Bragg 
grating into an Er3+-doped fiber and inducing π/2 phase shift in the middle of the grating. A 
stable π/2 phase shift can also be created by UV exposure [31]. Fiber DFB lasers generate 
lasing signal around 1.55μm when it is pumped by either a 1480nm or 980nm pump laser. 
Fiber DFB lasers are good candidates for high quality light sources in high bit-rate optical 
systems due to their very high side-mode suppression ratio, single mode operation without 
mode hoping, high output power and inherent fiber compatibility. They are even more 
attractive in dense WDM systems owing to accurate wavelength setting and wavelength 
stability over a large temperature range [32-34]. Fiber DFB lasers with different wavelengths 
can be made in both C- and L-band and they have shown excellent performance in WDM 
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transmission experiments [35, 36]. However, the need of optical pump sources for lasing 
operation dramatically increases the cost of using DFB fiber lasers in transmission systems. 
A cost-effective wavelength selectable light source is proposed using DFB fiber lasers and a 
single shared pump. A set of DFB fiber lasers with different wavelengths is connected 
between two optical switches. Pump power is guided into the desired DFB fiber laser via one 
of the optical space switches, and the lasing signal is guided out through the other space 
switch, and is further amplified in an extra erbium-doped fiber by the residual pump power. 
Wavelength selection is simply performed by selecting the corresponding DFB fiber laser 
between the two space switches. 
A wavelength selectable source with two wavelengths is constructed experimentally, and 
output power higher than 5 dBm and signal to ASE ratio better than 40 dB are obtained for 
each wavelength. Experiment also shows that the switching speed is limited to about 11 ms 
by the combination of the optical switch, extra erbium-doped fiber and DFB fiber laser.  
Since a very low wavelength temperature coefficient can be achieved using a special bi-metal 
package [32], no further wavelength monitoring and active wavelength servo are necessary. 
This is a major advantage in comparison with wavelength tunable semiconductor lasers. As 
only one shared pump laser is used to support many DFB fiber lasers with different 
wavelength, the proposed wavelength selectable light source is cost-effective. 
8. Transmission over dispersion managed sections 
As the size and capacity of optical networks increase, transmission of large capacity over 
long distance becomes an important issue. In order to transmit large number of WDM 
channels at high bit-rate over long distances, dispersion management must be adopted in the 
transmission fiber. It has been suggested that the design of future optical transparent networks 
could be facilitated by the use of so-called “normalized sections” [37]. Any path through the 
network would then consist of a cascade of identical normalized sections and both network 
scalability and management would rely on knowledge of the accumulated signal degradation 
after transmission through a certain number of these sections. Transmission over these 
normalized sections can be optimized by simulation [38].  
The re-circulating loop set-up is again a powerful tool to investigate different cases of 
transmission over normalized fiber sections. The loop set-up was used to investigate 
normalized sections consisting of standard single mode fibers (SMF) and dispersion 
compensating fibers (DCF), including systematic optimization of input powers into SMF and 
DCF in normalized sections, optimization of dispersion compensation ratio, L-band signal 
transmission and transmission of chirped return-to-zero single channel and WDM channels. 
Extension of the conventional C band transmission window (1530 to 1565nm) into the L-
band (1570-1610) is one attractive way to increase the capacity in dense WDM systems. 
Terabit WDM transmission using both C- and L-bands has been demonstrated [39] and 
continuing progress in optimizing design of L-band EDFA is made [40]. Transmission of 
both C- and L-band signals over the same normalized section is important for simplifying the 
network design. In paper [XVII], a L-band signal at 1597nm is transmitted over normalized 
fiber sections designed for 1550nm. 
Two normalized sections were used in the loop set-up. One consists of 50 km SMF and the 
other of 80 km SMF. Wideband DCFs were used to fully compensate the dispersion at 
1550nm in the two sections. Due to the simultaneous dispersion and dispersion slope 
compensation feature from the wideband DCFs [41], the measured values of residual 
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dispersion at 1597 nm were –21.3 ps/nm and –13.4 ps/nm for the 50km and 80 km spans 
respectively. Transmission of the 1597 nm channel over 1000 km is realized in both kinds of 
sections using a pre-compensation scheme. 
In order to transmit large capacity WDM channels over long distances in optical transparent 
networks, different modulation formats have been investigated. Among them, the chirped 
return-to-zero (CRZ) modulation format has become of great importance at high bit-rate, 
because of its robustness to fibre non-linearity and dispersion. Many of the transmission 
experiments achieving the longest distances with large capacity have used the CRZ format 
[42, 43].  
Normally a CRZ signal is obtained by modulating CW light in a chain of external 
modulators: first the amplitude of the light is modulated using the NRZ signal; second the 
amplitude is modulated again using a bit-synchronized clock to get the RZ pulse shape; last 
the phase is modulated using a bit-synchronized clock to add a chirp on the pulse. The CRZ 
transmitters built in this way are complex and expensive.  
In paper [XVIII], a new and simplified way to generate the CRZ pulses is proposed using 
only one external modulator and a CW light source. An electrical 2:1 selector is used to 
generate 10 Gb/s RZ electrical pulses by selecting a 10 Gb/s NRZ signal (231-1 pattern) at the 
rising edge of a synchronized 10 GHz clock and selecting a constant “space” at the falling 
edge. In principle, AND logic operation between a 10 Gb/s NRZ signal and a synchronized 
10 GHz clock in an electrical gate can also generate a 10 Gb/s RZ signal.  CW light from a 
DFB semiconductor laser is coupled into a Lithium Niobate (LN) Mach-Zehnder modulator 
via a polarization controller. When the RZ signal generated from the 2:1 selector is amplified 
by an electrical amplifier (E-amp), and applied to one electrode of the LN modulator with a 
proper DC bias, a 10 Gb/s RZ optical signal is generated. Since only one electrode of the LN 
modulator is used, a bit-synchronized chirp is automatically added to the RZ optical pulse. A 
maximum phase shift of π/2 can be added to the optical signal and the sign of the chirp can 
be adjusted. 
Single channel transmission of the CRZ signal is performed in the fiber re-circulating loop. 
The loop contains an 80 km span of SMF and a 13 km DCF providing 100% dispersion 
compensation in a pre-compensation scheme. A 40 km SMF (so-called pre-distortion fiber) 
and a corresponding 6.5 km DCF are put after the transmitter and before the receiver, 
respectively, to reduce the maximum accumulated dispersion in the transmission. This 
dispersion pre-distortion scheme is demonstrated to be able to improve the transmission 
distance in computer simulations [38]. The power into SMF and DCF, respectively, is 
optimized at the 45th roundtrip. BER curves for different transmission distances are 
measured, and a 6 dB power penalty at BER=10-9 can be found after transmission over 
3600 km of SMF.  
In paper [XIX], eight channels of the CRZ signals are transmitted in the loop using the same 
dispersion map. Since the DCF provides both dispersion and dispersion slope compensation, 
no channel-by-channel dispersion compensation is used at the receiver. Non the less, the 
maximum residual dispersion after 2000 km transmission over SMF is less than 142.1 ps/nm 
for all channels. Two Mach-Zehnder type gain equalizers with different free spectral ranges 
are used before the DCF in the loop to equalize the overall gain of 3 EDFAs. The equalizers 
are carefully adjusted, so that the power variation between channels is kept less than 5 dB 
even after 25 roundtrips. The power penalties of all channels are measured after transmission 
of 2000 km of SMF and the maximum penalty is less than 5 dB.  
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These good transmission results are due to the use of the CRZ transmitters, advanced 
dispersion map, and precise gain equalization. 
 
9. Measurement of dispersion in optical components 
In dense WDM networks, the cascading of narrowband devices such as filters, 
multi/demultiplexers and OADMs might result in phase-induced degradation of optical 
signals, especially at high bit-rates [44]. Therefore, a precise method for measuring the 
dispersion characteristics of individual optical components is necessary. The phase-shift 
technique has previously been used to measure the group delay of optical devices [44]. Curve 
fitting and numerical differentiation are required to obtain the dispersion from the measured 
group delay, resulting in additional inaccuracy. The RF modulation method originally used to 
measure dispersion in optical fibers has a high accuracy, but the minimum measurable 
dispersion value is too large to exist in most optical components [45, 46].   
The RF method relies on the fact that, due to the dispersive nature of optical components, the 
propagation constants of the two sidebands of an amplitude modulated signal are different. 
For a given dispersion value, modulation frequencies can be found where the components of 
the beat signal between the carrier and the sidebands are in counter-phase, resulting in 
cancellations of the photocurrent seen as dips in the small signal frequency response. The 
total dispersion can be calculated from these frequencies using a simple equation [46]. 
In paper [XX], the RF method is extended to measure small dispersion in optical components 
by adding a constant dispersion offset, stemming from a 50km of standard single mode fiber 
in our case. The total dispersion from the optical component and the fiber offset is large 
enough to be measured using the RF method, and the dispersion offset from the fiber can be 
measured using the same method. The dispersion from the optical component is the 
difference of the two measured values. Using the extended RF method, both positive and 
negative dispersion in optical components can be measured with an accuracy of 1.2 ps/nm. 
Uneven amplitude transfer function of optical components results in an imperfect 
cancellation of the two sidebands in the RF method, but our calculation shows that the 
frequencies of the dips are the same as in the devices with flat amplitude transfer functions so 
that the extended RF method is still applicable. A detailed calculation is given in Appendix 
II.  
The fluctuation of the dispersion in the fiber offset is characterized to be 1.2 ps/nm over 40 
minutes, and the dispersion in an OADM is successfully measured.  
 
10. Conclusion 
This thesis investigates some of the most important subsystems in terms of transmission 
characterization, cascadability in optical network, functionality and implementation.  
Interferometric crosstalk in subsystems has been investigated comprehensively. An improved 
Gaussian crosstalk model is developed which takes the signal extinction ratio into account 
when calculating the crosstalk induced power penalty. A numerical model further developed 
also includes the number of crosstalk terms. Both models are experimentally verified. The 
improved Gaussian crosstalk model is used to analyze the crosstalk influence in a cascade of 
AWG routers and in a cascade of wavelength switching modules in an OXC. It is a fact that 
the interferometric crosstalk cannot be filtered out by optical filters, but the crosstalk induced 
fluctuation on the optical signal power can be suppressed by different non-linear devices. 
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Saturated SOAs are used to suppress the interferometric crosstalk, and gain holding light or 
polarization multiplexing technique is used to eliminate the side-effects from a saturated 
SOA, such as waveform distortion and extinction ratio degradation.  
Filtering of high frequency components in a wavelength converter based on XGM in a SOA 
is the main limiting factor for its use in a cascade, due to its insufficient frequency response. 
The high frequency response of the wavelength converter is improved using an OADM filter 
at the output of the SOA, by performing an FM to AM conversion on the chirped output 
signal. The maximum cascaded number of a 0.8 mm long SOA converters is improved from 
2 to 6 in a re-circulating loop set-up. In dense WDM networks, the cascading of narrowband 
devices such as filters, multi/demultiplexers and OADMs might result in phase-induced 
degradation of optical signals, especially at high bit-rates. An accurate measurement of small 
dispersion in optical components is developed by extension of the RF modulation method 
that was used to measure large dispersion in optical fiber. The method can be used for 
components with uneven amplitude transfer functions as well as flat ones. 
The fiber re-circulating loop set-up is upgraded to investigate transmission over normalized 
fiber sections with dispersion compensation. An L-band signal at 1597 nm is successfully 
transmitted more than 1000 km at 10 Gb/s using a dispersion map optimized for 1550 nm in 
C-band; CRZ signals at 10 Gb/s is transmitted over 3600 km SMF for single channel and 
2000 km for 8 channels in an advanced dispersion map which are the longest ever 
demonstrated in our laboratory. 
Useful subsystems are proposed and demonstrated experimentally. A 2×2 multiwavelength 
OXC constructed using wavelength switching blocks shows a high degree of modularity. 
Wavelength translation can be added to the structure to realize a fully re-arrangeable optical 
cross-connect between two fibers. Wavelength conversion based on cross phase modulation 
in a reversely biased semiconductor MZ modulator has been realized. The wavelength 
converter shows a higher conversion efficiency than using cross absorption in electro-
absorption modulators, and is less noisy than using forward biased MZ semiconductor 
interferometer. Wavelength selectable light source has been constructed using DFB fiber 
lasers and space switches. Since a single pump laser is shared by a large number of DFB fiber 
lasers with different wavelengths, the structure is cost-effective and wavelength stable. A 
simple CRZ transmitter scheme is proposed using only one external modulator. The 
transmitter is demonstrated in transmission over 3600 km of SMF. All these subsystems will 
give useful options in designing flexible and cost-effective optical networks.  
From this study, it can be highlighted that: 1) interferometric crosstalk and filtering effect in 
subsystems are most important issues which determine the cascadability in transparent optical 
networks, and hence the size of the networks; 2) dispersion management is very important in 
high-speed (10Gb/s and above) WDM networks, and modulation formats should be taken 
into account in optimization of the dispersion maps; 3) fiber re-circulating loop set-up is a 
powerful tool to investigate the cascadability of subsystems in optical networks. 
In order to facilitate a more comprehensive investigation of subsystems used in optical 
networks, quite a bit of work still needs to be done in the future. First, the fiber loop setup 
should be upgrade to a higher level: more wavelengths in both C- and L- band should be 
supported; longer loop span should be installed to minimize the influence from the loop 
switch; higher line rate, e.g., 40 Gb/s should be performed; Q factor measurement should be 
included.  Second, the combined effect of impairments which an optical signal experienced in 
the optical network should be investigated. For instance, an optical signal might suffer 
interferometric crosstalk from some subsystems, and suffer signal filtering from some other 
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subsystems, and suffer influence of dispersion and non-linearity from transmission links. 
These issues cannot be treated independently unless one of them is the dominant effect. It is 
important in the future to investigate the interaction of different signal impairments in an 
optical network and find the joint impact from these impairments. Third, implementations of 
subsystems presented in this thesis, e.g., wavelength converter based on cross-phase 
modulation in a semiconductor MZ modulator, should be further investigated and optimized 
in order to get even better performance.   
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Appendix I  
Improved Gaussian crosstalk model 
 
1.  Introduction 
The influence of interferometric crosstalk in optical transmission systems and optical 
networks has attracted a lot of attention [1]-[8]. This kind of crosstalk which originates from 
signals with a frequency difference less than the receiver bandwidth has stronger influence on 
system performance than the so-called power-addition crosstalk from neighboring channels. 
When considering the choice of statistics for the interferometric crosstalk, two limiting cases 
are common in the literature: Arc-sine statistics for a single crosstalk contribution [1, 2, 6] 
and Gaussian statistics for multiple crosstalk contributions [4-6]. In optical networks, several 
independent crosstalk contributions with approximately equal power normally exist, and 
according to [5] and our numerical calculations in paper [II] only a few crosstalk 
contributions are necessary before the Gaussian statistics is a good approximation. Based on 
the Gaussian crosstalk model described in [5], an improved crosstalk model is proposed for 
calculating interferometric crosstalk induced penalty for both PIN receivers and optically pre-
amplified (OPA) receivers, taking into account the imperfect signal extinction ratio which has 
a significant influence. The improved model will be described in this appendix. 
 
2.  Signal crosstalk beat noise 
The crosstalk model is illustrated in Figure 1. Signal field Es and N terms of crosstalk field Ex 





Figure 1. Illustration of interferometric crosstalk 
Following assumptions are made throughout the discussion: 
1) The signal and crosstalk terms have the same polarization state in order to maximize 
the beat noise which corresponds to the worst case. 
2) The frequency difference between signal and crosstalk carriers is less than the 
receiver bandwidth, so that all beat noise falls within the receiver bandwidth. 
3) The total crosstalk power is contributed by multiple independent terms, so signal 
crosstalk beat noise follows a Gaussian probability density distribution. 
Firstly, we only consider the case that a CW signal and CW crosstalk light are combined at 
the photo detector, and we define the fields of the CW signal and crosstalk light as: 
))(2sin(2)( 0 ttfEtE sss φπ +=                                            (1) 
))(2sin(2)( 1011 ttfEtE φπ +=                                      (2) 
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Here f0 is the laser oscillation frequency, φs(t) and φ1(t) express the phase noise of the lasers. 
After the signal and crosstalk light are received by the PIN receiver, the output photo current 
is given by: 
2/))cos()(cos(sin











A is the conversion coefficient and is assumed to be unity hereafter for simplicity. By 


















Using the relations of tri-angular functions:  
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the photo current can be further written as: 
          















The underlined terms in the above expression are very high frequency components which are 
out of the receiver bandwidth. After removal of these terms, the photo current in (5) can be 
written as:  
                          (6)  
2
111
2 ))()(cos(2)( EttEEEti sssp +−+= φφ
When more crosstalk terms are added
  (7) 
 
Following the same procedure as from (3) to (6), the output photo current is given by: 
 (8) 
 
The first and last terms are the optical power of the signal and crosstalk, respectively. The 
                       (9) 
 
From (9) it can be seen that the photo curren e due to the presence of 
variance of the photo current are given by: 
 to the signal, the electrical field of the crosstalk is: 












second term is called signal-crosstalk beat noise, which is of our interest. The third term is 
crosstalk-crosstalk beat noise and is negligible compared to the signal-crosstalk beat noise, so 
























t varies with tim
crosstalk; When the receiver bandwidth is broader than the spectral width of the light, the 
signal-crosstalk beat noise power totally falls into the receiver, the average value >< pi  and >< 2pi
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er l cros  beat noise is two
product of optical signal power and the crosstalk power, or two times the product of signal 
 respectively. 
When the signal and cros k te sity m dulated light instead f CW
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Equation (11) shows that the electrical pow  of signa stalk   times the 
induced photo current and crosstalk induced photo current, that is:  
xspxtalksignal iii 2
22 >==<−σ                               (12) 
 is and ix stand the photo current induced by the signal and crosstalk,
stal  are in n o  o  light, we define 
the signal extinction ratio r, average power sP  of the signal without crosstalk: 
          
           (13) 
P0 and P1 are the optical power in the “space” and “mark”, respectively. W
equal po s” and equal power in all “spaces”, and no waveform distortion and 
                         
Here the e assume 
wer in all “mark
timing jitter is taken into account.  The mark density is 0.5. We also define the relative 
crosstalk power ε  as: 
                       
(14) 
is the total average crosstalk power.  Inserting (13) and (14) into (12)
iving the i1 as the photo current when the signal bit is “mark” without crosstalk, the variance 
r
                                                (16) 
ceiver 
.1. Error probability in absence of crosstalk 
ere converts the optical signal into photo current. Only thermal noise with 
k is absent, so the error probability is given 
        
(17) 
 
 is the complementary error function. The first
second terms are the error probability when the ignals are “mark” and “space”, respectively. 
 
Here   and 
g
of the s osstalk beat noise in the “mark” and “space” levels respectively can be written 
as: 
“mark”: 21)1( ir+ε                      (15) 





The PIN receiver h
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“space”. The optimum decision threshold is equal to the average threshold: 2/)1( 1irid += . 
When the optimum decision threshold is used, the total error probability can b
               
e written as: 
      
(18) 
 
 order to get error probability of 10-9, the following equation need to be satisfied: 
         (19) 
 
  (20) 
wer penalty using average power decision threshold 
ve assumed that the s
refor
f the beat noise and receiver noise. When thermal noise and signal 
      
 
ark” and “spa










           
6)1( 1 ==− Qir
2 2thσ  
That is:  Q
  






We ha ignal crosstalk noise has an approximately Gaussian probability 
density distribution, the e, the total noise power in the presence of the crosstalk is simply 
given by the sum o
crosstalk beat noise are considered, under the Gaussian assumption, the error probability is 
given by: 























ce”, The first and second terms are the error probability when the signals are “m
i r id = +( )1 21 , the errors from 
the “mark” level dominate the error probability, and the error probability can be written as: 
       
2) 
 
 10-9,  the following equation need to be satisfied: 
                                   
(23) 
                  (24)
Please ark” is re-written as  in order to distinguish i
from the ” current in absence of the crosstalk. The power penalty at  is 
efined as: 
                                                                              (25) 
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where log is the base 10 logarithm. By Inserting (20) and (24) into (25), the power penalty 
can be written as: 















 r = 0 , equation (26)
ability. In order to 
derive the optimum decision threshold, a more general expression of the error probability is 
 
(27) 
nd i0 is the average phone current of “space”. The erfc function and its first order 
 (28) 
 
um decision threshold can be found when the differentiation of error probability 
 is set to zero, that is: 
                   
 
(31) 
uation (31), it can be found that the optimum decision threshold is at the crossing 
 probability density functions (PDFs) between “space” and “mark”. Making logarithm 
e following equation can be obtained: 
 
(32) 
 takes the form of the widely quoted power penalty equation [3-5].  
 
3.3. Crosstalk induced power penalty using optimum decision threshold 
A variable decision threshold can be used to minimize the total error prob
used: 
 
Where σ12 denotes the noise power on “mark” level, σ02 denotes the noise power on “space” 
level a
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The approximation is easy to fulfill when signal to noise ratio (Q factor) is high, where the 







0 >>=−=− Qiiii dd σσ (33) 
By solving equation (32), the optimum decision threshold is given by: 
 
aller than that of the average power  dec
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iopt








The optimum decision threshold is slightly sm ision 
threshold. By setting i id opt= , the error probability (21) can be written as: 
                  
(35) 
In order to get , Q=6, the following equation need to be fulfilled: 




Square the two sides of the above equation: 
 
 
Square the two sides again: 
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where the  is the “mark” current to get error probability of 10-9 when crosstalk is present. 
Inserting (20) and (37) into (25), the power penalty at  is given by:  




3.4. Short summery for the case using a PIN receiver 
u
g






Pe = −10 9
In a short s mmary, the crosstalk induced penalty in a PIN receiver can be calculated using 
the followin  formulas which appeared in paper [I] as equation (2) and (4): 
 
The crosstalk induced penalty as a function of total cross
ratio as a parameter is plotted in Figure 2. 
Figure 2. Crosstalk induced power penalty versus relative crosstalk power for PIN r
with signal extinction ratio as parameter. 
Figure 2 shows that a degradation of the signal extinction ratio means that less
power can be tolerated for a given power penalty. At 1 dB power penalty, an extinction ratio 
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reduction of tolerable crosstalk power in the case of average power decision threshold, and 
ized decision threshold. 2.8 dB in the case of optim
e contribution is the signal spontaneous 
mission beat noise, which is given in Ref. [11]: 
            (39) 
 stands for “mark” and ri1 stands for “space”, 
 
4. Optically Pre-amplified (OPA) Receiver 
4.1 Error Probability in absence of crosstalk 
For a well-designed OPA receiver, the main nois
e
oespssps BBii /2
2 =−δ           
Where is is the received signal photo current, (i1
r is the extinction ratio as defined in (13)); BBe is the receiver electrical bandwidth, BoB  is the 
optical bandwidth of the ASE incident on the photo detector. isp is the spontaneous noise 
photo current, which is further given by: 
                  (40) LRBhGni ospsp ν)1(2 −=
where osp BhGn ν)1(2 −  is the ASE power  from the amplifier, nsp is the amplifier spontaneous 
emission factor, G is the amplifier gain, L is the total loss from the amplifier output to the 
photo detector, hveR /η= is the photo current conversion factor. The error probability of the 
received signal without crosstalk can be written as: 
                    
When average power decision threshold is used, 
   
(41) 
 
i r id = +( )1 21 , the errors from the “mark” 
can be written as: level dominate the error probability, and the error probability 
                            
following equation need to be satisf
           (43) 
 
at is: 
       
(44) 
um decision threshold is determined using the same procedure as fore, 
                     
(45) 
e optimum decision threshold can be found: 
           
(42) 
 
In order to get the error probability of 10-9, i.e., , Q’=5.9, the 
ied: 
              
th
                 
 
The optim be that is: 
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                                    (46) 
 
t , the error probab
                     
 
 
, Q=6, the following equation need to be fulfilled: 
                         (48) 
talk i g average power decision threshold 
When crosstalk is added to the signal, the noise contributions are signal spontaneous emission 
sstalk beat noise. The error probability is then given by: 
            (49) 
 
 
hen average power decision threshold is used, 
1iriopt =
i id op= ility (41) can be written as: Setting 









































4.2. Cross nduced power penalty usin
beat noise and the signal cro
W i r id = +( )1 21 , the errors from the “mark” 
: 
       
Q’=5.9, the 
                 
 
is:     
(52) 
 
level dominate the error probability, and the error probability (49) can be written as
                               
(50) 
         (51) 
 
In order to get the error probability of 10-9, i.e.,  , 
following equation need to be satisfied: 
that 
 
Inserting (44) and (52) into (25), crosstalk induced penalty can be found: 
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The optimum decision threshold is found using equation (34): 
           
 
By solving equation (54), the o found: 
4.3. Crosstalk induced power penalty using optimum decision threshold 
      
(54) 
ptimum decision threshold iopt can be 
1iropt =                              i                     
Setting t , the error probability (44) can be written as: 
          (56) 
 
In order to get =6, the following equation need to be fulfilled: 
(57)
                         
 penalty can be obtained: 
                         (53) 
 
 pen  OPA eceive can b calcul
the following formulas which are appeared n paper [I] as equation (6) and (7): 
al extinction 
. The 
Figure 3 show a similar tendency as in the PIN receiver case when the signal extinction ratio 
rading. For OPA receivers at 1 dB power penalty, an extinction ratio deterioration from 
(55) 
i id op=





    
Inserting (48) and (57) into (25), the crosstalk induced
                                      
 
4.4 Short summary for OPA receiver 
In a short summary, the crosstalk induced alty in an  r r e ated using 
 i
 
The crosstalk induced penalty as a function of total crosstalk power with sign
ratio as a parameter is plotted in Figure 3 crosstalk induced power penalty curves in 
is deg
r = 0  to r = 015.  results in a reduction of tolerable crosstalk power of 2.0 dB for average 
 optimized decision threshold.  
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5. Conclusion 
We have investigated the performance degradation caused by multiple interferometric 
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Appendix II  
Dispersion measurement in WDM components 
1.  Introduction 
The RF modulation method originally used to measure dispersion in optical fibers [1, 2] is 
extended to measure small dispersion in optical components. The measurement setup is 







Figure. 1 Measurement set-up. CW: continuous wave laser, AM: amplitude modulator, FO: 
fiber offset, DUT: device under test, NA: network analyzer, PD: photodiode. 
CW light from a laser is amplitude modulated with a small modulation index by the network 
analyzer, and the modulation frequency can be continuously swept from 130 MHz to 20 GHz.  
The modulated light is coupled into a 50 km standard single mode fiber as a dispersion offset 
followed by the device under test. A photodiode is used to detect the light at the output. The 
electrical signal at the modulation frequency only is measured by a network analyzer. The 
method relies on the fact that, due to the dispersive nature of optical components (the fiber 
offset and optical device under test in this setup), the propagation constants of the two 
sidebands of the amplitude modulated signal are different [1]. For a given dispersion value, 
modulation frequencies can be found where the components of the beat signal between the 
carrier and the sidebands are in counter-phase, resulting in cancellations of the photocurrent 
seen as dips in the small signal frequency response. The total dispersion D can be calculated 
from these frequencies according to [1] 
 










2 2λ . 
 
where  is the center frequency of the nth dip in the small signal frequency response, c and 
λ are the speed of light and the wavelength, respectively. From (1) we can see that the 
minimum dispersion which can be measured by this method depends on the maximum 
frequency at which the AM modulator can be driven. This limitation arises from the fact that 
for a given amount of dispersion the phase mismatch between the sidebands required for 
cancellation of the photocurrent is only achieved when the sideband separation is large 
enough. By inserting a constant dispersion offset (in our case 50 km of standard single mode 
fiber) in the set-up, we have been able to measure small values of both positive and negative 
dispersions. Such an offset will increase the total amount of dispersion to a value large 
f n
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enough to be measured by our set-up. The dispersion of the device under test is equal to the 
change in total dispersion after it has been inserted. 
2. Influence from the amplitude transfer function of optical components 
When characterizing components such as filters, the two sidebands of the amplitude 
modulated signal can experience different levels of attenuation. Hereafter, expression of 
dispersion will be derived for the optical components with different loss on the two 
sidebands.  
If a and b are the relative amplitude attenuation experienced by the upper and lower 
sidebands, respectively, then the electric field of the modulated optical signal after the optical 
component can be expressed as: 
        
(2) ( ) ⎢⎣
⎡
⎥⎦




where ω0  and ωm  are the optical carrier and modulation angular frequencies, respectively, 
and m is the modulation index. β0, β+ and β- are the propagation constant of the optical 
carrier, the upper sideband and the lower sideband, respectively. The photo current is 




The optical instant power into the photodiode can be further written as: 
[ ] [ ] 20000202 )(cos2)(cos2)cos(),( ⎭⎬
⎫
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⎧ −−+−++−= −+ LtbmLtamLtEztE mm βωωβωωβω
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The right side of the equation can be expressed as: 
 
sing the relations of tri-angular functions, equation (4) can be further expressed as: 
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Since the network analyzer only detects the signal with the same frequency as the 
modulation, which is the underlined terms in (3), the detected photo current is given by: 






mbLtmaiti mmwm ββωββω −−+−−= −+  
We can use a second order expansion of the propagation constant around the optical carrier 
frequency: 
                        




where the parameter 1β  is related to group velocity 1β=gv  and  parameter β2  is related to the 




L= − 2 2 2πλ β  (8) 
The propagation constants of the upper and lower sideband can be written as: 
             (9) β β β ω β ω+ = + +0 1 12 2 2m m
            (10) β β β ω β ω− = − +0 1 12 2 2m m
 
Inserting (9) and (10) into (6), the photo current at modulation frequency can be written as: 
































The right side can be re-written as: 
 
 















































































The detected current at modulation frequency is:  







0 ϕωβωωβω −−++= LtLabbamiti mmmm  
The dips occur in the frequency response curve when the following equation is fulfilled: 
            (15) ππβ )12()2( 22 −= NLf N  
Inserting the (15) into (8), the relation between dispersion and the frequency of the dips is: 













It is the same expression as for the optical components with uniform amplitude transfer 
function.  
Inserting (15) into (14), the photo current at the dips can be written: 
 
bamiidip −= 20 (17) 
The dips become shallower when a loss difference between the two sidebands increases as 
seen in equation (17), due to incomplete cancellation of the two sidebands. However, when 
a = b, which corresponds to no loss difference between the two sidebands, the equation (14) 
takes the form used in Ref. [1]  
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